Recently, we observe the rapid development of the Global Navigational Satellite Systems (GNSS), including autonomous positioning techniques, such as Precise Point Positioning (PPP). The GNSS have different conceptions, different spacecraft and use different types of orbits which is why the quality of real-time orbit and clock products is inconsistent, thus, the appropriate approach of the multi-GNSS observation processing is needed to optimize the solution quality. In this paper, the kinematic field experiment is conducted in order to examine multi-GNSS real-time Standard Point Positioning (SPP) and PPP performance. The test was performed on the 26 km-long car route through villages, forests, the city of Wrocáaw, crossing under viaducts and a high tension line. For the first time, the solution is based on GPS + GLONASS + Galileo + BeiDou observations using streamed corrections for orbits and clocks with two different weighting scenarios. Thanks to the usage of the multi-GNSS constellation the number of positioning epochs possible to determine increases by 10%. The results show also that the appropriate weighting approach can improve the root mean square error in the SPP solution by about 13% and 42% for the horizontal and vertical coordinate components, respectively. In the case of PPP, the maximum quality improvement equals 70% for the horizontal component and the results for the vertical component are comparable with those obtained for the GPS-only solution.
INTRODUCTION
We have been witnessing the rapid development of the Global Navigational Satellite Systems (GNSS) since 1960, that is, when the first navigational satellites were launched. The current GNSS constellation, including GPS, GLONASS, Galileo, BeiDou, QZSS, and NavIC, consists of almost 100 spacecraft (Teunissen and Montenbruck 2017) . Such a great number of navigational satellites allows for positioning in the challenging environment e.g. urban canyons (Groves 2011) . Simultaneously with GNSS development, there was the necessity to provide high-quality clocks, orbits, and other products that support emerging systems. To fulfill this requirement, the Multi-GNSS Experiment (MGEX) was established by the International GNSS Service (IGS, (Dow et al. 2009)) to track, collate and analyze all available GNSS signals 10.2478/arsa-2018-0007 (Montenbruck et al. 2014) . Unfortunately, the most precise products are available with the latency that makes it impossible to use them in real-time applications.
The real-time users have to apply products provided without a latency. One of the possibilities is to use the predicted part of the ultra-rapid MGEX solution. However, the main limitation of these products is clock predictions that are still a challenge (Martinez and Waller 2009) . Another way is to apply real-time products dedicated to real-time applications and provided via RTCM (Radio Technical Commission for Maritime) streams (IGS 2015) . Real-time products are provided with no charges by the IGS through IGS-Real-Time Service (IGS-RTS) or by IGS analysis centers (ACs) e.g. by Centre National d'Études Spatiales (CNES). The IGS-RTS provides official GPS and unofficial GLONASS products while streams provided by CNES contain products for the multi-GNSS constellation. Both streams contain precise clock and orbit corrections, while CNES additionally provides code and phase satellite biases as well as ionosphere maps, which allow performing the ambiguity resolution in real-time (Laurichesse 2011; Loyer et al. 2012 ). However, multi-GNSS corrections are not consistent and the quality of the satellite positions and clocks is different for various GNSS (Hadas and Bosy 2015; Kazmierski et al. 2018b ). Thus, multi-GNSS processing with real-time streams needs an appropriate weighting approach to consider corrections' inconsistencies (Kazmierski et al. 2018a ).
Nowadays, there exists a great need for having equipment with real-time positioning feature in everyday activities. GNSS sensors are a part of smart devices and allow for positioning with 10 cm accuracy in the fast-static surveys (Realini et al. 2017) . One can distinguish the multitude of multi-GNSS applications, e.g., positioning of vehicles on the land (Knoop et al. 2017) , on the sea (Lachapelle et al. 1987) and in the air (Rieke et al. 2011 ) precision agriculture (Tayari et al. 2015) , the precise dynamic displacement detection (Paziewski et al. 2018 ) and monitoring performance of athletes (Aughey and Falloon 2010) . Therefore, the improvement of the algorithms increasing the accuracy and the stability of positioning is expected.
One of the techniques which take advantage of real-time products is Precise Point Positioning (PPP) (Zumberge et al. 1997) . PPP is an autonomous technique that does not need a dense global infrastructure as in the case of the Real-Time Kinematic (RTK) technique (Xu 2016) . This feature allows for using PPP in many applications for which traditional RTK is limited because of too long distance to a reference station. There is a Wide Area RTK (WARTK) for which a distance between base and rover station can be extended but it is still a concept (Hernández-Pajares et al. 2004) . Among applications of PPP, one can distinguish positioning, tsunami warning systems, and water vapor monitoring systems. Nevertheless, PPP is burdened with some drawbacks. One of the major limiting factors is the solution convergence time which can reach even several hours depending on a positioning method used (Héroux et al. 2004; Bisnath and Gao 2009; Kouba 2015) .
Many of the current works evaluate kinematic positioning for the observations collected by the static stations (Tang et al. 2017; Wang et al. 2018 ), so they do not reflect positioning in the actual kinematic conditions. Actual kinematic data were used only to evaluate the performance of selected GNSS or relative positioning techniques (Geng et al. 2010; He et al. 2014; Yang et al. 2017) . Former works show that the quality of the horizontal coordinate components is improved by 20 mm when using four GNSS system kinematic PPP solutions with final MGEX products (Guo et al. 2018) . However, final MGEX products are not available for real-time purposes. In this paper, the real-time approach using streamed orbit and clock corrections is tested for the actual data collected by a precise multi-GNSS receiver being on the move. Quad constellation solution with GPS, GLONASS, Galileo and BeiDou dual-frequency data is evaluated combined with the real-time orbit and clock corrections from CNES. The test is ȱ conducted in the casual road conditions and with typical obstacles possible to meet during car driving.
DATA AND METHODS

CASE STUDY
In order to check the positioning quality while using multi-GNSS constellation, an experiment with the vehicle in motion was performed. A car was adopted as a moving platform with multi-GNSS Trimble R10 receiver installed on the roof. The test took place on January 5th, 2018 from 18:45 to 21:10. Thanks to late daytime selection the road traffic was rather calm, thus the route was smooth. The field test was divided into two parts. The first one took about 105 min in the open area without any movements in order to initialize the PPP solution. Then, the test in motion started and took about 35 min on the 26 km distance between OleĞnica and Wrocáaw in south-west Poland. Figure 1 illustrates in detail the test route. The test route ran initially in the open space; there were 2 km long forest and small villages on the way. The density of the infrastructure increased with the distance and reached the maximum in Wrocáaw. Additionally, a high-tension 400 kV line crossed the route at the point of about 4 km from the start. There were also five viaducts at the entrance to Wrocáaw (after 19 km). Satellite visibility and DOP (Dilution of Precision) parameters are presented in Figure 2 . During the test drive the number of satellites when using 4 systems is always at the minimum level of 8 satellites, but when using GPS-only it decreases to 4. DOP parameters represent car surroundings and the instantaneous horizontal coverage. The presence of obstacles, such as a forest, viaducts and tall buildings, are represented by a bigger DOP which reaches more than 10 for some epochs. The reference positions of the receiver are computed in RTKlib v 2.4.2 (Tomoji 2007 ) based on final orbits using the RTK solution which is applicable for distances up to 20 km (Rietdorf et al. 2006) . The final MGEX products provided by the Center for Orbit Determination in Europe (CODE, Prange et al. 2017 ) are used for the reference solution. The nearest permanent GNSS stations are located in Wrocáaw (WROC) and in OleĞnica (OLES) and the distance between them is equal to 24 km. Thus, the reference solution is a combination of two RTK solutions for those reference stations. In order to eliminate the uncertainty about the reference solution, float solutions are eliminated from the reference coordinate set and only solutions with fixed resolved RTK ambiguities are used. For both stations, the kinematic trajectory was computed using L1+L2 data with the broadcast ionosphere model and Sastamoinen troposphere model. The differences between solutions were below 3 cm. The final reference solution is a mean value of the positions computed with a reference to WROC and OLES weighted by the distance to the reference station. The reference stations' positions are computed as a daily PPP solution using final CODE products. Thus the RTK solution is computed in the ITRF 2014 at the epoch of the measurements and is consistent with real-time PPP solutions.
SOLUTION STRATEGY
The kinematic trajectory is computed using actual GPS, GLONASS, Galileo and BeiDou observations in a common least square adjustment. Observations are processed using in-house-developed GNSS-WARP (Wrocáaw Algorithms for Real-Time Positioning) software (Hadas 2015) . Additionally, to account for the antenna phase center correctly, the absolute IGS antenna correction igs14.atx file is used. The Antenna Exchange Format (ANTEX) file contains calibration information for GPS and GLONASS for two frequencies. In order to fill the gap for the remaining systems, the offsets from GPS and GLONASS are adopted for Galileo and BeiDou using the nearest frequencies.
Data are processed in six different variants, being a combination of two strategies and three inter-system weighting scenarios, defined as follows. The first strategy, namely SPP (Standard ȱ Point Positioning) is based only on code observations, whereas the second strategy is based on the PPP technique with code and carrier-phase observations. Both strategies take advantage of the real-time corrections using exactly the same supplementary information and having the same software settings. The only exception is handling of the troposphere delay. In SPP total delay is fixed to the UNB3 model, while in PPP the non-hydrostatic part is estimated. All processing parameters are presented in Table 1 . The weight matrix in the least squares adjustment is defined as a diagonal square matrix with diagonal elements equal P ii =1/ı ii 2 where ı denotes the standard deviation of a priori error of the i th observation. Additionally, three weighting scenarios are tested for each strategy. The first scenario, called "GPS-only" further in this paper, is the GPS only solution with weights calculated using ı of 0.300 m and 0.010 m for code pseudoranges and carrier-phase observations, respectively. "Equal" scenario is a multi-GNSS solution with equal weights for each system corresponding to weights from the GPS-only scenario. "GxS" scenario is a multi-GNSS solution with individual weights for each system (Kazmierski et al. 2018a ) that take into account the quality of real-time corrections (Table 2) . Elevation weighting Intra-system weighting elevation (e)-dependent weighting: sin(e) ı=0.300 m for code, ı=0.010 m for carrier-phase in variants "GPS-only" and "Equal" (see (Kazmierski et al. 2018a ) for more details) Inter-system weighting Equal: equal weights, GxS: see Table 2 . Pseudorange code and carrier phase standard deviations ı used for calculating weights in the processing variant "GxS", for details see (Kazmierski et al. 2018a The series of receiver positions were computed in the simulated real-time mode, in order to replicate the same processing conditions for each variant. The processing mode is set depending on the car movement. During the initialization time, the position is computed in the static mode, whereas as soon as the car starts to move, the processing is switched to the kinematic mode.
RESULTS
Results from 6 processing variants are assessed on the basis of the number of the computed epochs for the particular solution. Additionally, the quality of the computed coordinates is evaluated by analyzing the root mean square errors (RMSE) with respect to the reference solution. In the RMSE comparison solutions from common epochs are considered. Analysis results are provided separately for the horizontal (Hz) and the vertical (U) components.
SOLUTION AVAILABILITY
A number of epochs with computed coordinates is the first measure that can describe the advantage of the multi-GNSS solution. During the test route, 10210 epochs of observation were recorded. The number of properly computed epochs is different among tested variants as listed in Table 3 . The differences are mainly visible when the satellite visibility is limited due to the terrain obstacles -in the forest and from the viaducts to the end of the track. The lack of a solution in PPP is connected with the low observation quality, whereas in SPP is connected with the low number of satellites being visible. Observations are affected by cycle slips or are burdened with strong multipath effect, and as a consequence, those observations are detected as outliers. In the conducted experiment the multi-GNSS constellation increases the number of properly computed epochs by about 15% when compared to the GPS-only solution. The gain of solution epochs is possible because of a greater number of visible satellites in the challenging environment with many trees and building limiting the reception of satellite signals during the test drive. The increase of the computed epochs is not related to the weighting scenario. The number of computed epoch differences between GxS and Equal scenario is below 1%. Therefore, in order to increase the number of solutions, more than one system should be used. The weighting scenario does not significantly affect the quality control procedure, though. Moreover, the number of the computed epochs is different in SPP and PPP solutions. The differences may be caused by the software quality control module and the cycle slips occurrence for the carrier-phase observations. Figure 3 shows the time series of coordinate residuals for the East, North and Up components with respect to the reference RTK solution. The obtained coordinate residuals for East and North components are at the comparable level for all epochs. Significantly larger residuals for horizontal components occur during the last part of the test route when tall buildings strongly cover signals from GNSS satellites. Horizontal coordinates are biased by 0.87 m for GPS-only and equal weighting schemes, while for GxS scenario the mean bias is 0.77 m. The Up component is significantly biased for all weighting scenarios, with the most extreme value reaching í2.3 m in the GPS-only scenario. Table 4 summarizes the obtained quality of coordinates showing the RMSE for all weighting schemes. The significant improvement of the horizontal components for the multi-GNSS constellation is obtained only for the GxS weighting approach and the RMSE of coordinate residuals is reduced by 13% with respect to the GPS-only solution. In the case of the Up component, using the multi-GNSS constellation improves the quality in both tested scenarios. The smallest RMSE for the U component is reached for equal weights and is reduced by 42% when compared to the GPS-only scenario. 
QUALITY OF CODE PSEUDORANGE ONLY POSITIONING: STANDARD POINT POSITIONING
PRECISE POINT POSITIONING QUALITY
In opposition to SPP, in this variant, processing contains all epochs including epochs collected during the car stop at the beginning of the test drive. This stop allows for initialization of the solution. Figure 4 illustrates the time series of coordinate residuals for the East, North and Up components. During first 4 km, the trajectory in reference to RTK positions is very stable. After the 4 th km, some discontinuities appear which are probably caused by the fact that the car route crosses the high-tension line (400 kV). These discontinuities are not present in the RTK solution but a float solution appears for a single epoch. After this event, the quality of the solution is degraded and the coordinates are shifted. After crossing under the first viaduct, which is 19.6 km away from the start, the coordinate residuals reach up to 5 m, because phase ambiguities are reinitialized due to cycle slips. The same happens around 24.8 km from the start when the car passes a very narrow street with tall buildings along it. Table 5 summarizes the RMSE of coordinate residuals in common epochs for each solution. The horizontal residuals for multi-GNSS scenarios are significantly lower than for the GPS-only scenario. The multi-GNSS solution is at least 3 times better than GPS-only. In the case of the Up component, the multi-GNSS brings a slight improvement (of about 2%) only for the GxS weighting scenario. The equal weights applied to all systems degrade the solution more than twice when compared to GxS. 
FIRST SECTION OF THE ROUTE
The residuals are analyzed from the starting point to the crossing with the high-tension line in order to emphasize the potential of the multi-GNSS PPP. The coordinate residuals obtained for the first 4 km of the route are shown in Figure 5 . A short unscheduled maintenance stop of 3 min is visible at the distance of 2.5 km. The results obtained for the GPS-only and for GxS scenario are very consistent and are about 1.5 cm more biased than the results from the Equal scenario, especially for the East component. The situation is opposite for the Up component for which Equal scenario assumes a bigger bias of about 4 cm. However, the RMSE of differences for horizontal components are very small and their maximum values are equal to 2 cm. The RMSE differences for the Up component for the Equal scenario are larger by 60% when compared to the GPS-only solution. Although the GxS scenario performs worse than the Equal scenario in the horizontal components and worse than the GPS-only solution for the Up component, it reduces the bias of the horizontal component and deteriorates the bias in the vertical position insignificantly when compared to the GPS-only solution. 
SECOND SECTION OF THE ROUTE
The 15 km long track section between the high-tension line and the first viaduct has very consistent coordinate residuals for all tested scenarios which are summarized in Table 7 . The high-tension line causes some problems in the GNSS solutions which are probably connected with the cycle-slip occurrence. Due to this event, a discontinuity appears in the residual time series. Furthermore, the 2 km long forest section degrades the solution even to a greater extent than the high-tension line (Hu et al. 2016) . Coordinates from this section are much more biased than in the first section of the route. The RMSE for the horizontal coordinate residuals increases by 85%, 38%, and 300% for GPS-only, GxS, and the Equal scenario, respectively, when compared the second section to the first section. This shows that the obstacle occurrence on the way introduces some problems, which need further investigations. Nevertheless, additional satellites from the multi-GNSS constellation with the appropriate weighting scenario prevent substantially from the degradation of the solution and give accuracy better than 20 cm. On the other hand, coordinate residuals for the Up component increase significantly for all scenarios and are close to 1 m. For the Up component, the results for GxS scenario bring the smallest RMSE, similarly as in the case of the horizontal components. 
THIRD SECTION OF THE ROUTE
The last 7 km long section from the first viaduct to the end of the test route is evaluated separately because of the significant position degradation caused by the multitude of obstacles in the urban area. In total, 5 viaducts caused cycle slips and reinitialization of ambiguities, therefore the obtained coordinate residuals dramatically increase, because the processing software is not capable of the fast ambiguity recovery. For this section, RMSE values are listed in Table 8 . Low satellite visibility appears in this section very often and the computed RMSE are several times bigger than in the previous sections. Nevertheless, multi-GNSS horizontal results are 4 times more accurate than the results obtained only with GPS satellites. The RMSE of the Up component in the GxS scenario remains at the level comparable to that of the GPS-only scenario. 
SUMMARY RESULTS FOR THE TEST ROUTE
The presented results show the level of the accuracy possible to obtain with SPP and PPP techniques using the multi-GNSS constellation. Figure 6 summarizes the obtained RMSE for all calculation approaches. The coordinate residuals computed with PPP are smaller when compared to SPP but the horizontal components for GPS-only scenario and the Up component for Equal scenario bring surprisingly bigger RMSE by 1.1 m and 1.46 m, respectively. However, while excluding the last part of the test track the results obtained with PPP are much more accurate. 
DISCUSSION
The conducted experiments evaluate two autonomous positioning techniques: SPP and PPP using actual GNSS observations collected by the receiver installed on the roof of the car. The test track of 26 km length has various types of the surrounding: a high-tension line, viaducts, forest, and high buildings inside the city of Wrocáaw. All computations were performed using real-time products and the obtained results may also determine the level of accuracy possible to get when taking advantage of the freely available real-time clock and orbit corrections. Additionally, various accuracy levels for the presented weighting scenarios indicate that stochastic modeling is very important during multi-GNSS observation processing. The presented outcomes show that the application of improper weighting scenario when using more than one navigation system may lead to solution degradation and bring 4 times bigger RMSE.
A large number of the navigational satellites has a very positive contribution through providing a better satellite geometry. This fact allows for obtaining a position in a fast-changing environment with a substantial horizon coverage by buildings, trees, trucks etc. The gain caused by the signals from additional satellites introduced to the equation system increases the number of epochs with successfully computed positions by about 10%.
The accuracy level possible to obtain using SPP supported by real-time products equals 1.02, 0.98 and 0.88 m, for GPS-only, multi-GNSS with equal weights, and multi-GNSS GxS scenario, respectively. The impact of additional GNSS allows for reducing the RMSE of coordinate horizontal residuals by 12%. This reduction was possible only for the GxS variant which considers inconsistencies of the real-time correction qualities. Equal weights for each system reduce the RMSE by 4%. Considering the Up component, the biggest reduction of the coordinates residuals is for the Equal scenario and the profit is 42% while for GxS this reduction is 12%.
In order to show the benefit from multi-GNSS real-time PPP, the test route is divided into 3 sections. Multi-GNSS positioning quality in the open area when using GxS scenario is comparable to the quality possible to be obtained with GPS-only and Equal scenarios. The advantage of the modified weighting scenario (GxS) is observable in the more challenging environment (from the point of a high-tension line and a forest). GxS scenario allows the horizontal component RMSE to remain below 20 cm. The quality of the Up component is visibly worse but still, GxS scenario brings the lowest RMSE. Tall buildings and viaducts cause a position degradation, thus the horizontal solution quality is about 1 m and 2 m for the Up component. This result is much better than the result obtained from the GPS-only solution for which RMSE reaches 4.5 m. The previous experiment with real-time kinematic PPP considering GPS and GLONASS indicated that the quality of positioning while compared to RTK solution was at the level of 15-20 cm and 20-30 cm for horizontal and vertical components, respectively (Martín et al. 2015) . Additionally, the obtained results increase results much more than 20 mm obtained in (Guo et al. 2018) what may be connected with used weighting scenarios adopted to the clock and orbit corrections quality applied in the processing. The accuracy of the GxS test scenario with regard to aforementioned work is better or at the comparable level for horizontal coordinates. The vertical coordinate is at least 2 times more accurate than in the cited work but the influence of a high-tension line probably affects the RMSE for this component significantly (Hu et al. 2016 ).
The PPP computations indicate some problems with terrain obstacles encountered on the car way. Among these obstacles a high-tension line can be distinguished which causes cycle slips and, as a consequence, a coordinate discontinuity. The road infrastructure, such as viaducts, may affect the results as well. Additionally, buildings and natural elements, such as forests, also disturb the reception of the GNSS signal. Elimination of the impact of these elements is very important to improve the quality of the obtained moving objects' coordinates. The results show that GPS-only solution brings horizontal results several times less accurate than the results obtained by SPP in very challenging surroundings, such as urban areas with tall building and road dense road infrastructure.
Additionally, it has to be considered that during the kinematic positioning the estimation of the height may bring some complications connected with the appropriate stochastic modeling of the zenith troposphere delay. The optimal value of the zenith troposphere delay random walk is hard to determine for the kinematic positioning because of the changes in the receiver's heights. This problem should be considered in the further works. The presented results indicate that the quality possible to obtain during processing supported by 4 systems may bring better results than the GPS-only solution. Simultaneously, users have to be aware of the processing problems including those mentioned in this work.
CONCLUSION
The conducted works illustrate the potential of the multi-GNSS kinematic SPP and PPP. The processing methods, which have to be developed in the future, should increase the quality possible to obtain with the multi-GNSS constellation. It has to be mentioned that GNSS, such as Galileo and BeiDou, are still being developed and the number of satellites possible to observe still grows. This expansion may influence the position quality improvement in city centers with tall buildings in the near future. 
